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Abstract 
The present study investigates the f ormation of tribolayers on bronze CuSn12Ni2. Two 
different test rigs are used, of which one is a sliding bearing  test rig in order to perform 
lubricated thrust bearing tests. Bronze CuSn12Ni2 is used for the sliding elements and 
the counter body is made of C45 steel. In additio n to that, an axial piston pump test rig  
was used to  determine t he transferability of the  results to the axial pist on pump. The 
test conditions are set up in a way t hat the tribological loads in the contacts are similar 
to each other. 
Changes in the subsurfa ce morphology and the  chemical composition of the tribolaye r 
were analysed using electron pro be micro a nalysis (EPMA), trans mission ele ctron 
microscopy (TEM), energy dispersive  X -ray spectro scopy (EDS) and X-ra y 
photoelectron spectroscopy (XPS).  Focused  ion beam (FIB) milling was used to 
prepare site -specific TE M foils fro m the wear track.  The  formation of a nano scale 
tribolayer was associat ed with red uced wear, which leads to low leak age in the a xial 
piston pump. This tribolayer is enriched with oxygen, sulfur a nd zinc, which is an effe ct 
of tribochemical reactions of environment molecules and surface molecules.  
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1. Introduction 
Nowadays, hydrostatic drive systems are wid ely used in  mobile applications such as 
wheel loaders or excavators because of their superior power density. The requirements 
in these  mobile applicat ions are ex ceptionally demanding in terms of limited space, 
contamination of oil an d highly variable l oad spectra. Additionally, the  environme ntal 
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compatibility of mobile machinery is subject to increasing regulation. For example, the 
European Union defines limitations for the utilisation of hea vy metal containing allo ys 
(/1/). 
Amongst other things,  this affects axial piston p umps, which are a substantial part of 
hydrostatic drive systems. In some versi ons lead-containing copper alloys are used in 
the tribological contact between cyl inder and control plate  of axial piston pumps. I n 
these applications the  lead content contributes considerably to the positive tribolog ical 
properties of the copper alloy. It is a ssumed that the lead dissolves out of the materi al 
surface and forms a lead-rich layer on the surface that preve nts direct contact between 
the base material and the counter body. This reduces the friction and wear in the mixed 
friction regime considerably. 
A major goal of manuf acturers of  those axial piston pum ps is to re place the  lea d-
containing alloys by lead-free alloys and thus to meet the rules of the European Union. 
This has to be achieved without cutbacks in performance or lifetime. To reach this goal, 
one approach is to ut ilise chemical surface modifications that result from tribochemical 
reactions d ue to tribological stre sses in the contact are a under the influence  of  
additivated lubricants.  T hose surfa ce modifi cations are called tribolaye rs, which  can  
separate th e two bodie s in  contact  in a  simila r way as th e lead-rich  layer on lea d-
containing alloys.  
Tribolayers are known to reduce friction and wear for example in roller bearings o r 
gears. In this area, N AVEIRA-SUAREZ and ANDERSSON investigated the effect of  
tribolayers in model tests and simulated the for mation of tribolayers on steel mater ial 
(/2/, /3/). W OLF examined the influ ence of the lubricant on the formation of tribola yers 
(/4/), and H ENTSCHKE as well as B URGHARDT gave evidence for a significant reduct ion 
of wear in roller bearings due to the effect of a tribolayer (/5/, /6/). 
The goal of this study is to show that those tribolayers also form on copper alloys under 
the very diff erent tribolo gical con ditions of conf ormal contacts. They h ave a positive  
influence on friction and wear in roller bearings and thus can potentially substitute lead-
containing copper alloys in axial piston pumps. 
2. Experimental 
To prove the formation of tribolayers on lead-free copper a lloys one specific alloy, the 
bronze CuSn12Ni2, is u sed. This casting a lloy shows promising re sults in wear te sts 
and is used for bearing applications with very high loads (/7/). The mechanical strength 
properties are measured at 20 °C prior to the tests (see table 1). 
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As lubricant the mineral oil Bantleo n Avia Fluid RSL 32 of the viscosity  class ISO VG 
32 is used.  It is additivated for th e requireme nts of hydraulic applications and thus 
contains a h igh concentration of sulphur, zinc and phosphorus. In an un used state, its 
kinematic v iscosity at  40	°  is  29,35	 , and it s viscosity ind ex is 100. All the 
included ad ditives in unused state  are listed  in table 2 . The mea surement was  
performed by OELCHECK GmbH. 
Hardness HB 118,6 
Yield strength ,  [MPa] 240,4 
Tensile strength  [MPa] 432,4 
Compression yield strength ,  [MPa] 236,8 
Table 1: Mechanical strength properties of CuSn12Ni2 at 20 °C 
Additives Concentration (mg/kg)
Calcium 45 
Magnesium 7 
Zinc 253 
Phosphorus 230 
Sulphur 1732 
Table 2: Additives contained in the test lubricant Avia Fluid RSL 32 
2.1. Thrust Bearing Test Rig 
The thrust bearing test r ig is based on the FE8 test rig intro duced by HENTSCHKE (/5/). 
Specific design extensions allow a variable load application, speed control of the shaft,  
temperature control of the bearing housing and measuring of friction torque.  
The inner parts of the bearing housing are sp ecially designed as se gmented sliding  
bearings for  the investig ation of trib olayers on lead-free co pper alloys.  The segments 
are circular and made from bronze CuSn12Ni2. A steel ring is shrunk on the shaft and 
functions as the counter  body. A temperature sensor provides the temperature inside 
one of the bearing elements about 1 mm below the bearing surface. 
To ensure similar lubrication conditions as in the contact be tween cylinder and control  
plate of an axial piston pump a state of mixed f riction has to prevail. The design of  the 
bearing segments is done according to the work of DETERS (/8/).  
The running-in phase is characterised by rela tively mild tri bological co nditions. It is 
followed by a stepwise increase  of the load  while all other para meters are held 
constant. All operating conditions are listed in table 3. 
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After each load level the specimens are disassembled, and their weight was measu red 
to capture the weight loss in th e previous load level. Furthermore, the torque 
measuring shaft provides continuous data for the friction torque. 
Phase Surface pressure 
[MPa] 
Rotational speed 
[1/min] 
Temperature 
[°C] 
Duration 
[h] 
Running-in 2.5 500 50 1 
Load level 1 5 250 40 5 
Load level 2 7.5 250 40 5 
Load level 3 10 250 40 5 
Table 3: Operating conditions in the thrust bearing tests 
2.2. Axial Piston Pump Test Rig 
The second  test rig used in this work is the  axial pisto n pump test rig. It is an 
application-oriented test rig which uses an  axial pist on pump to drive an axial p iston 
motor. This setup enables the gene ration of lub ricant pressure inside the axial pist on 
pump as it is the case  in the application. Thu s, most of the relevant effects on t he 
contact between cylinder and control plate can be taken into account by using this test 
rig. Among those are  one-sided  hydrostatic compensation of axial forces a nd 
cavitation. 
The lubricant used is the  same as in  the thrust bearing tests, Bantleon Avia Fluid RSL 
32. The cylinder of the axial piston  pump is coated with a layer of CuSn12Ni2 at a 
thickness of 1	 . The control plate is made of steel 8CrMo16. 
The test procedure of the axial piston pump tests is based on stepwise increase of the 
tribological loads in the tribological contacts. This is achieved by a stepwise increase of 
the rotational speed and the hydra ulic pressure. The three load levels used in the tests 
are shown in table 4 . Load level 3 is identified with the maximu m performance of the  
axial piston pump. In thi s operating point a ma ximum local surface pressure of up to 
150	  is possible in the contact between cylinder and control plate. 
Phase Rotational speed 
[1/min] 
Swivel angle 
[%] 
Hydraulic pressure 
[bar] 
Duration 
[h] 
Load level 1 2000 100 200 0,5 
Load level 2 3200 100 400 0,5 
Load level 3 3300 100 500 50 
Table 4: Operating conditions in the axial piston pump tests 
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After each load level, the axial piston pump is disa ssembled, photo graphed, and  
examined by an experi enced engineer. Since this test is a pplication-oriented, it is not 
possible to  measure friction torq ue or wear. The wear is rated visually by an 
experienced engineer. Besides increased leakage, indications for a failure are unusual 
cavitation damage, unusual discoloration of the surface and crack formation. 
3. Results 
3.1. Friction and Wear 
The friction  and wear measurements from th e thrust bearing tests are visualized in  
figure 1. This diagram is put together from the single measurements of each load level. 
Each vertical line represents the end of a load level and the beginning o f the next one. 
The friction torque is measured co ntinuously a nd is thus r epresented by the color ed 
lines in f igure 1 for each  load level. The wear is measured after each load level. The  
bars in figure 1 represent the total wear in the respective load level. Both friction torque 
and wear have been normalised. 
The wear is less th an 10	  in all load levels. The wear level is so low, th at wear 
cannot be measured as erosio n of the surf ace. Consequently, the diff erences in wear 
between the load levels have to be relativised especially when considering  the 
measurement inaccuracy of the precision scale of 1	 . 
 
Figure 1: Normalised friction torque and wear of CuSn12Ni2 in thrust bearing tests 
Compared to other materials te sted on the same test rig the frict ion torque of 
CuSn12Ni2 is low in all l oad levels. It is increa sing from a normalised friction torque  of 
approximately 0.45 at the  end of load  level 1 to  approximately 0.59 in load level 2 and 
0.95 in load level 3. Th e t emporal co urse of the friction tor que is stab le in a ll load 
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levels. A slight drop of  the frict ion torque occurs in the fir st 1.5 hours o f load levels 2 
and 3. This is due to ru nning-in effects after the disassembly of the bearing segments. 
The unstea dy course of the friction  torque at the beginnin g of the test is caused by 
changes in  surface pressure and  rotational speed before and after the running-in 
phase. 
The low wear level in the thrust bearing tests makes CuSn12Ni2 a strong candidate for 
the substitution of the le aded bronze in ax ial piston pumps. To ve rify the applicability, 
axial piston  pump tests were performed. Figure 2  shows the cylinder  surface aft er 
each load level. 
After load level 1 the surface in cont act with the control plate  is clearly identifiable. It is 
delimited by two circular lines, which are dark discolored areas of Cu Sn12Ni2. T he 
discoloration is due to tribochemica l reactions o n the materi al surface, which occur  at 
the most severely stressed areas of the contact . This effect is described in more detail 
in ensuing chapter 3.2. Between those dark lines the material is clean witho ut 
discolorations or contaminations. This indicat es slight wear within the usual range  
without stro ng triboche mical reactions betwee n material a nd lubrican t. No cavitation-
induced wear and no cracks are identified. After load level 2 the surface of the cylinder 
looks similar to the state after load level 1. The dark lines are now slightly thicker but  
the surface in contact still looks clean and without unusual wear. 
 
Figure 2: Cylinder surfaces after axial piston pump tests 
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After load level 3 the wi dth of the outer dark line increased by a factor of 3. The overall  
wear level is still a cceptable in co mparison to serial parts, and no unusual leaka ge 
occurred. The whole surface appears darker than after the other load levels. The cause 
for this ma y be stronger tribochemical reaction s due to hi gher tribological stresses. 
Between the bores slight cavitation wear is visible. This is not unusual in tho se areas. 
Thus, the cylinder with the new le ad-free bronze CuSn12Ni2 passe d a total of 51 h 
testing, including 50 h at maximum performance, without damage. The wear is slig htly 
higher than in standard axial piston pumps. 
It was noticed that on the control plate very small radial cracks developed. This leads to 
a classification of the e ntire test  as failed.  Considering the fact that  this was the  first 
test with a  new lead-free material without any optimisation regar ding design  or 
manufacturing it is nevertheless a very promising result. 
3.2. Tribolay er characterisation 
EPMA, FIB/TEM and XPS analyses were conducted to investigate the formation of a  
tribolayer on CuSn12Ni2. FIB millin g was used to prepare site-specif ic TEM foils from 
the wear tracks of the specimens. 
EPMA-linescans of thrust bearing test specimens started near the center of the bearing 
segment and progressed in radial direction in the area of most prominent discoloration. 
Figure 3 de picts the partial mass d ensity of relevant elements in the top layer of t he 
material surface over th e measured distance. The top diagram refers to  the state af ter 
the running-in phase and shows that, besides th e alloy elements, O, S a nd Zn are th e 
dominant elements in t he surface  of the sp ecimen. Their partial mass densit ies a re 
mainly in the range of 0.2 1.5	 .  
After the lo ad level 3 ( figure 3 , bottom diagram), O is the dominant element in  the  
specimen’s surface  with a part ial mass den sity of 1 2.5	 . Z n is the second 
dominant element with a partial mass den sity of 0.4 0.7	 . S has a partial mass 
density of 0.1 0.2	 . 
The EPMA-l inescan of the cylinder surface after load level 1 in the axial piston  pump 
test is depicted in figure 4 . It wa s measured in radial direction crossing the outer 
discolored line. 
The diagram shows that on both sides of the dark line O is the single dominant element 
with a partial mass density of 1.5 3.5	 . In the area of the dark line the  partial mass 
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densities of S and Zn rise up to 11 13	 . O also has a higher partial mass density 
of 6 8	  in this area. 
 
 
Figure 3: EPMA measurements of CuSn12Ni2 after thrust bearing tests 
 
Figure 4: EPMA measurements of CuSn12Ni2 after axial piston pump tests 
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FIB/TEM analyses were performed on thrust be aring specimens. Figure 5  shows the 
TEM image of a FIB foil,  which is polished to a th ickness of a few nanometers and th e 
EDX spectrum at measuring point EDX03. 
 
Figure 5: TEM and EDX measurements of CuSn12Ni2 after thrust bearing tests 
 
Figure 6: XPS measurements of CuSn12Ni2 after thrust bearing tests 
The TEM image shows an Au/Pd-layer which is app lied artificially u pon the sur face 
during the characterisation process. Underneath that layer the tribolayer is visible. It is 
divided in a  bright oxyg en-rich layer (measuring point EDX01) and a grey layer wh ich 
contains Sn  apart from Cu and O (measuring point EDX 03). The tribolayer is about 
30 50	  thick. Underneath it the ground ma terial begins where no elements from 
the environment are present (measuring point EDX04). 
XPS analyses also detected Zn and S in the top 5 10	  of the surface. Furthermore, 
an enrichment of Sn is detected in the top 20	 	(see figure 6). 
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4. Discussio n 
From the test conducted in this study, we conclude that Cu Sn12Si2 functions very well 
as bearing  material in highly st ressed conf ormal slidin g bearing contacts. Most 
research in this area focuses on th e influence of hardness, elastic mod ulus and solid-
state contact pressure. Undoubtedly, those have great influence on friction and w ear, 
however, another important factor should not b e left aside:  the formation and effe ct of 
tribolayers. Other materials with higher hardness and elastic modulus than CuSn12Ni2 
show much higher friction and wear in the introduced thrust bearing t ests, but th ey 
differed strongly in tribolayer composition. 
Similar results are observed in axial piston pumps. Most lead-free materials which were 
tested to substitute the  leaded bronze never reached load  level 3 in th e axial pisto n 
pump tests. They failed because of exceeding wear that lead to unacceptable leakage.  
Although other materials seem to be more pro mising in te rms of mec hanical strength 
properties CuSn12Ni2 reaches load level 3 without unacceptable wear and leakage.  
To characterise the tribolayers on CuSn12Ni2 that lead to those positive  results in both 
tests performed EPMA, FIB/TEM and X PS analyses were performed. EPMA analyses 
show a stab le oxide-rich layer on CuSn12Ni2 that contains zinc and/or sulfur in h ighly 
stressed areas. Especially on the cyl inder in the axial piston pump tests the dark line s 
which mark the areas of highest  contact pr essure contain high amounts of zinc and  
sulfur. This is due to  the fact, that  the anti-wear (AW) additive ZnDDTP functions be st 
in areas of  high temperature and high pressure . The effect  mechanism of ZnDDTP is  
controversial and is out  of the scop e of this stu dy. It is kno wn that in some way th e 
ZnDDTP molecules get split up, an d the individual parts of the molecule can have an 
effect on the sliding surfaces (/9/).  
In the tribological contacts investigated in this study, mainly zinc and sulphur react with 
the raw material and e nsure low wear. Zinc is more co mmon in the thrust be aring 
specimens, and sulphur  is more common  in the cylinder of the axial piston pump . 
Consequently, sulphur has its greatest effect at high surface pressure s while zinc is 
more active in mild mixed friction. 
XPS- and TEM-analyses confirm these findings.  The thickness of the tribolayer can be 
determined to 30 50	 . Furthermore, XPS measurements sug gest that  tin  also 
plays a role in tribolayer formation probably as binding partner for oxide, zinc or sulfur. 
 
260 10th International Fluid Power Conference | Dresden 2016
5. Conclusio n 
In this study, the lead-free material CuSn12Ni2 was tested in two test rigs to investigate 
its usability in the contact between cylinder and control  plate in an  axial piston  pump 
with swashplate design. Special focus was set o n the influence of tribolayers that form 
on the surf ace of CuSn12Ni2 due to chemica l reaction s initiated by t he tribological 
stresses. The main findings are listed as follows: 
 The lead-free bronze CuSn12Ni2 shows good wear results both in the thrust 
bearing tests and in the axial piston pump tests. 
 Those good results cannot be explained by mechanical properties alone. 
 Tribolayers on CuSn12 Ni2 consist  of oxygen,  zinc and sulphur in different 
compounds with copper and tin.  
 Tribolayers on CuSn12Ni2 ensure additional wear resistance. 
 The thickne ss of  the tr ibolayer varies between  30 50	  and  can  be sub -
divided into an oxide-rich top layer and a Sn-rich bottom layer in some areas. 
The individual influence and composition of the separate tribolayer molecules is not yet 
fully understood. More research has to be cond ucted in th is area. Nevertheless, it is 
now obvious that the  influence of  tribolayers should be  taken int o account w hen 
searching alternative materials in highly stressed tribological contacts. 
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8. Nomenclature 
,  Yield strength MPa 
 Tensile strength MPa 
,  Compression yield strength MPa 
	  Kinematic viscosity mm2/s 
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